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Receiver having integrated mixer and Sigma-Delta analog-to-digital conversion. 



The invention relates to a receiver comprising: a mixer for mixing an oscillator 
signal with a carrier signal modulated by an information signal, and an analog-to-digital 
convener for converting the information signal to a digital signal. 

Fig. 1 shows a block diagram of a conventional superheterodyne receiver. By 
way of example a receiver for a GSM (Global System for Mobile communication) telephone is 
shown. However, similar techniques are used in, for example paging or radio receivers. The 
radio frequency (RF) signal is first mixed to an intermediate frequency (IF) using a first local 
oscillator signal LOU After that the information signals 1 and Q are separately mixed down to 
baseband signals using two mixers MX2A and MX2B and second local oscillator signals 
L02A and L02B which have a phase difference of 90 degrees. After passing an anti-aliasing 
lowpass filter LPF the information signals are converted to the digital domain by means of 
analog-to-digital (A/D) converters. In this conventional receiver the mixing-down to baseband 
signal and the conversion of the baseband signal to a digital signal requires a mixer, a lowpass 
filter and an A/D converter. Such a solution has a drawback that it is costly because of the 
relatively expensive passive filter used in the superheterodyne receivers. 

It is an object of the invention to mitigate the drawbacks of the conventional 
receiver. To this end the receiver as specified in the opening paragraph is characterised in that 
the analog-to-digital converter is a sigma-delta converter comprising: an input stage for 
coupling the information signal to an input of a continuous-time loopftlter, a quantizer for- 
quantizing an output signal of the loopfilter and for generating the digital signal, and a digital- 
to-analog converter for feeding back the digital signal to the input of the loopfilter, the input 
stage comprising the mixer and having a first input for receiving the carrier signal, a second 
input for receiving the oscillator signal and an output coupled to the input of the loopfilter for 
providing the information signal to the loopfilter. 

The approach according to the invention uses a mixer and a Sigma-Delta 
Modulator for A/D conversion without anti-aliasing lowpass filter. The output of the mixer is 
directly supplied to the loop filter of the Sigma-Delta Modulator. The use of a Sigma-Delta . 
Modulator for converting an analog signal to a digital signal is known from, for example, an 
article by EJ. van der Zwan and E.C. Dijkmans: "A 0.2-mW CMOS Sigma-Delta Modulator 
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for Speech Coding with 80 dB Dynamic Range", IEEE Journal of Solid-Stale Circuits, Vol. 
3 1, No. 12, Dec. 1996. The principle of operation of the Sigma-Delta Modulator, as described 
in the referenced article, is that the information signal is fed to a feedback loop comprising a 
continuous-time analog filter, a sampler and a digital-to-analog convener (DAC). The output 
5 signal of the Sigma-Delta Modulator is a stream of bits at a highly oversampled rate. The _ 
oversampled bitstream is fed to subsequent digital processing which converts the bitstream to 
an accurate digitised representation of the information signal in a process known as 
decimation. The continuous-time analog loop filter used in the Sigma-Delta Modulator of the 
referenced article has good anti-aliasing characteristics. Therefore by employing the Sigma- 
1 0 Delta Modulator as an A/D convener in the aforementioned receiver, the lowpass filter 
20 between the mixer and the A/D converter can be omitted. This can lead to simple 

mixer/Sigma-Delta Modulator structures with less components, chip area and power 
consumption. Preferred and advantageous embodiments are defined in the dependent claims. 

25 l 5 The above and other features and advantages of the invention will be apparent 

from the following description of exemplary embodiments of the invention with reference to the 
accompanying drawings, in which: 
3Q Figure 1 is a block diagram of a conventional super-heterodyne GSM receiver; 

Figure 2 shows a mixer followed by a discrete-time Sigma-Delta Modulator, 
20 Figure 3 shows a mixer followed by a Sigma-Delta Modulator with continuous- 

time loop filter, 

35 Figure 4 shows the output spectrum of a linear mixer followed by a discrete-time 

Sigma-Delta Modulator, 

Figure 5 shows the output spectrum of a square-wave mixer followed by a 

25 discrete-time Sigma-Delta Modulator; 

Figure 6 shows the output spectrum of a square-wave mixer followed by a Sigma- 
Delta Modulator with continuous-time loop filter, 

Figure 7 shows a circuit diagram of a first implementation of an integrated 
mixer/Sigma-Delta Modulator for use in a receiver made in accordance with the present 
30 invention; 

Figure 8 shows a circuit diagram of a second implementation of an integrated 
mixer/Sigma-Delta Modulator for use in a receiver made in accordance with the present 
50 invention; and 

Figure 9 shows detailed transistor circuits of the second implementation of Fig. 8. 
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In the Figures corresponding or similar features are denoted by the same reference 

symbols. 



Fig. 1 shows a block diagram of a conventional superheterodyne receiver. By way 
5 of example a receiver for a GSM (Global System for Mobile communication) telephone is shown. 
However, similar techniques are used in, for example paging receivers. The radio frequency (RF) 
signal received by antenna 2 and filtered and amplified by an amplifier 4 is first mixed down in a 
mixer MX1 to an intermediate frequency (IF) using a first local oscillator signal LOl. After that 
the intermediate frequency signals are separately mixed down to baseband I and Q information 
1 0 signals using two mixers MX2A and MX2B and second local oscillator signals L02 A and L02B 
20 which have a phase difference of 90 degrees. After passing an anti-aliasing lowpass filter LPFA, 

LPFB the information signals are converted to the digital domain by means of analog-to-digital 
(A/D) conveners ADCA, ADCB. In this conventional receiver the mixing-down to baseband 
signal and the conversion of the baseband signal to a digital signal requires a mixer, a lowpass 
25 15 filter and an A/D converter for each of the signals I and Q. For GSM the bandwidth of the 

information signals I and Q is relatively low: about 1 00 kHz, which results in a channel width of 
about 200 kHz. The RF frequency is about 900 MHz and the IF frequency is about 50 to 1 50 
30 MHz. So, the bandwidth of the information signal is relatively low in respect of the fF carrier 

frequency. 

20 from the afore-mentioned article it is known that a Sigma-Delta Modulator with a 

continuous-time loop filter has good anti-aliasing characteristics. By integrating the mixer and a 
35 Sigma-Delta Modulator according to the principles of the referenced article it is possible to omit 

the loop filter LPFA/LPFB. This can lead to simple strucrures to perform the functions indicated 
within the dashed lines in Fig. 1 . 
25 Consider a mixer MX followed by a Sigma-Delta Modulator, which may be a 

discrete-time implementation as shown in Fig. 2, or which may have a continuous-time loop filter 
as shown in Fig. 3. In the structure of Fig. 2 the sampling is performed at the modulator output, 
while in the structure of Fig. 3 the sampling takes place at the back-end of the loop filter, which is 
a lowpass filter in this case. The Sigma-Delta Modulator consists of a subtracter SUB, a loop 
30 filter F, followed by a quantizer Q, and a digital-to-analog converter DAC for feeding the digital 
data signal DS of the quantizer Q back to the subtracter SUB. 

The structure of Fig. 2, i.e. a mixer followed by a sampler, leads to aliasing 
50 problems if the local oscillator frequency L02 is not an integer multiple of the sampling 

frequency f s . Suppose that the input signal IF has a frequency ^=5 1 .22 MHz, which is linearly 
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mixed down with a local oscillator frequency fLoz-51.25 MHz, and that the sampling frequency 
f s =12.8 MHz, The bandwidth of interest is plus and minus 100 kHz. The mixer output contains a 
wanted fbrfcr^O kHz component, but also a f L o2+fm=l02.47 MHz component. If this 102.47 
MHz component is sampled at f s «12.8 MHz, then an unwanted in-band component at f L0 2+fin- 
5 8f s =70 kHz results. This is illustrated in Fig. 4 which shows the spectrum of the digital data _ 
output signal DS of the structure of Fig. 2 using a 4 th order Sigma-Delta Modulator. The situation 
gets even worse if the mixing is performed with a 5 1 .25 MHz square wave, which is easier to 
implement than a sinusoidal wave. In that case also higher harmonics of the square wave have to 
be taken into account and the resulting spectrum is shown in Fig. 5. For example, the third 
1 0 harmonic of the oscillator frequency fun causes a component at 3 f^-f^l 02.53 MHz. Sampling 
20 ^5 compon ent at the sampling frequency f s =12.8 MHz gives an unwanted in-band component at 

3f L o2-fin-8fs=130kHz. 

However, these problems are prevented in the structure of Fig. 3 which uses a 
Sigma-Delta Modulator with continuous-time loop filter. Fig. 6 shows the spectrum of the digital 
1 5 data output signal DS under the same conditions as the example of Fig. 5, i.e. the input signal IF 
is mixed with a square wave oscillator signal L02 and then fed to the input of a 4 th order Sigma- 
Delta Modulator. The performance is better because no unwanted frequency components appear 
in the spectrum of the digital data output signal DS. This means that the sampling frequency f s 
can be chosen independently of the local oscillator frequency f L0 2 without causing aliasing 
20 problems. 

Fig. 7 shows a first implementation of the structure of Fig. 3. The Sigma-Delta 
35 Modulator has basically the same structure as the Sigma-Delta Modulator known from the afore- 

mentioned article. Only the first integrator Fl of the loop filter is shown in detail. The rest of the 
loop filter F2 may consist of more integrators and coefficients, and thus the loop filter may be <jf 
25 any order and/or structure. The first integrator Fl has balanced inputs and outputs and has a non- 
inverting input connected to a first input terminal IT1 of the loop filter and an inverting input 
connected to a second input terminalTH of the loop filter. The digital-to-analog converter DAC 
has balanced outputs DAC1 and DAC2 connected to the input terminals ITl and 1T2, 
respectively. The mixer is implemented as a set of switches SW1 , SW2, SW3, and SW4. Switch 
30 S Wl connects a resistor Rl to input terminal ITl and switch SW4 connects a resistor R2 to input 
terminal IT2 during the first half period of the square wave oscillator signal L02, which is 
available at an input terminal LO. Switch SW2 connects the resistor Rl to input terminal IT2 and 
50 switch sw3 connects the resistor R2 to input terminal ITl during the second half period of the 

square wave oscillator signal L02. The resistors R I and R2 are fed by balanced IF carrier signals 
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from outputs IF1 and IF2 of a driver DRVR. The balanced IF carrier signals are converted into 
balanced currents by the resistors Rl and R2. These balanced currents are connected straight or 
cross-coupled to the input terminals IT1 and IT2 by the switches SWl to SW4 and integrated in 
integrator FL 

5 Figure 8 shows an alternative implementation of the structure of Fig. 3. The mixer 

is implemented with a NPN four-transistor structure Tl , T2, T3, T4, which is known per se and 
often referred to as the Gilbert cell mixer. Transistors Tl and T2 form a first differential pair and 
have their emitters connected in a first common node CN 1 . Transistors T3 and T4 form a second 
differential pair with a second common node CN2. The balanced IF carrier signal at nodes IF1 
10 and IF2 is fed to the common nodes CN1 and CN2. The local oscillator signal L02 is fed to a 
20 pair of input nodes ini ^d rN 2 . The bases of the transistors Tl and T4 are coupled to input node 

INI and the bases of the transistors T2 and T3 are coupled to the input node IN2. The collectors 
of the transistors Tl and T3 are both connected to an output node ONI, which in turn is 
connected to the input terminal IT1 of the loop filter of the Sigma-Delta Modulator. The 
1 5 collectors of the other two transistors T2 and T4 are both connected to an output node ON2, 

which in rum is connected to the input terminal IT2. The structure of the transistors Tl to T4 has 
the same effect as the switches SWl to SW4 in Fig. 7. The switched balanced output currents 
flowing out of output nodes ONI and ON2 are integrated by means of a capacitor C connected 
between the output nodes ONI and ON2. The switching transistors Tl to T4 not only perform the 
20 mixing function, but also function as the input transconductor of the Sigma-Delta Modulator. 
This decreases the power consumption of the combination and reduces component count. Ifnvo 
35 such structures are manufactured on a single chip, as is the case in the GSM receiver shown in 

Fig. 1 , matching between the two I and Q processing channels is very good. 

Fig. 9 shows a more detailed circuit diagram of the mixing input stage of the 
25 implementation of Fig. 8. The common nodes CN1 and CN2 receive bias currents from 
respective output branches Ml A and M1B of a current mirror Ml, which has its common 
terminal M1E connected to a negative supply terminal VN. The balanced outputs DAC1 and 
DAC 2 drive a further NPN differential pair consisting of transistors T5 and T6. The common 
node CN3 of this transistor pair receives a bias current from an output branch MIC of the current 
30 mirror Ml . NPN cascode transistors T7 and T8 are inserted in series with output node ONI and 
output node ON2, respectively, to provide a high output impedance level at the input terminals 
IT1 and IT2. The collector of transistor T5 is connected to the input terminal IT1 through a NPN 
50 ca scode transistor T9 and the collector of transistor T6 connected to the input terminal IT2 

through a NPN cascode transistor T10, again to provide a high impedance level at the input 



25 



30 



40 



45 



55 



10 



15 



WO 00/01074 PCT/IB99/01081 

6 

terminals IT1 and IT2. The high impedance level makes possible a large integrating time constant 
with a low capacitance value of the integrating capacitor C. The collectors of the NPN cascode 
transistors T7 to T10 are all actively loaded by means of current source transistors incorporated in 
respective output branches M2A, M2B, M2C and M2D, respectively, of a second current mirror 
5 M2 which has its common terminal M2G connected to a positive supply terminal VP. The output 
branches M2A, M2B, M2C and M2D are each cascoded by means of PNP cascode transistors 
Tl 1, T12, T13 and T14, respectively to increase the output impedance of the current source 
transistors incorporated in the output branches M2A to M2D of current mirror M2. The bases of 
the NPN cascode transistors T7 to T10 and bases of the PNP cascode transistors Tl 1 to T14 
10 receive suitable bias voltages from a bias voltage generator UB. 
20 The input lerrnm als IT1 and IT2 are further connected to the gates of two NMOS 

transistors T15 and T16 which sense the DC voltage at the input terminals IT1 and IT2. The 
sources of the transistors T15 and T16 are connected to the negative supply terminal VN. The 
drains of the transistors T15 and T16 arc both coupled to an input branch M3A of a third current 
25 ! 5 mUT or M3 through the channel of a NMOS transistor Tl 7. The third current mirror M3 has an 

output branch M3B connected to an input branch MID of the first current mirror M 1 , and has its 
common terminal M3C connected to the positive supply terminal VP. NMOS transistors T13 and 
30 T19 are copies of the NMOS transistors T15 and T16. The gates of the transistors T18 and T19 

are both connected to a tapping of a voltage divider consisting of resistors R3 and R4 which are 
20 series connected between the positive supply terminal VP and the negative supply terminal VN. 
The sources of the transistors T18 and T19 are connected to the negative supply terminal VN, 
35 whiIe ^ of these transistors are both coupled to an output branch M2E of the second 

current mirror M2 through a diode connected NMOS transistor T20, which is a copy of NMOS 
transistor T17 and which has its gate connected to the gate of the transistor T17. The second 
25 current mirror M2 has an input branch M2F which is coupled to a control terminal CT through a 
resistor R5. 

The DC levels at terminals IT1 and IT2 are sensed by the transistors Tl 5 and T16 
and kept at a level dictated by the voltage at the tapping of the voltage divider R3-R4. The value 
45 of the bias currents can be adjusted by means of a control current at the control terminal CT. 

30 Using MOS transistors as sense transistors has the advantage that no DC current can flow from 
the terminals IT1 and IT2 to the sense transistors. 

The embodiments of the present invention described herein are intended to be 
50 taken in an illustrative and not a limiting sense. Various modifications may be made to these 
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embodiments by persons skilled in the art without departing from the scope of the present 
invention as defined in the appended claims. 
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CLAIMS: 



1 . A receiver comprising: a mixer (MX) for mixing an oscillator signal (L02) witrra 
carrier signal (IF) modulated by an information signal, and an analog-to-digital convener for 
converting the information signal to a digital signal pS), characterised in that the analog-to- 
digital converter is a Sigma-Delta Modulator comprising: an input stage (DRVR, MX) for 
coupling the information signal to an input (IT1, IT2) of a continuous-time loop filter (F1 T F2), a 
quantizer (Q) for quantizing an output signal of the loop filter (Fl, F2) and for generating the 
digital signal (DS), and a digital-to-analog converter (DAC) for feeding back the digital signal 
(DS) to the input (IT1, IT2) of the loop filter (Fl, F2), the input stage comprising the mixer (MX) 
and having a first input (IF) for receiving the carrier signal, a second input (LO) for receiving the 
oscillator signal (L02) and an output coupled to the input (IT1, IT2) of the loop filter (Fl, F2) for 
providing the information signal to the loop filter (Fl, F2). 

2. A receiver as claimed in claim 1 , wherein the loop filter comprises a balanced 
integrator (Fl) having an inverting and a non-inverting input terminal connected to respective 
terminals (IT1, IT2) of the input of the loop filter, and wherein the input stage comprises means 
PRVR) for convening the carrier signal to a balanced carrier signal and means (SW1 , S W2, 
SW3, SW4)for alternately coupling and cross-coupling the balanced carrier signal to the 
respective terminals (IT1, 1T2) of the input of the loop filter in response to the oscillator signal 
(L02). 

3. A receiver as claimed in claim 2, wherein the means for alternately coupling and 
cross-coupling comprises: 

first (Tl, T2) and second (T3, T4) differential transistor pairs having their common nodes (CNl, 
CN2) connected to receive a balanced carrier signal (IF1 , IF2), having corresponding input nodes 
connected to receive the balanced oscillator signal in opposite phase and having corresponding 
output nodes (ONI, ON2) coupled to the respective terminals (ITl, IT2) of the input of the loop 
filter through respective cascode transistors (T7, T8). 
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4 a receiver as claimed in claim 3, further comprising: a first current mirror (Ml) 

having respective output branches (MIA, M1B) coupled to the common nodes (CN1. CN2) for 
supplying bias currents to said common nodes (CN1, CN2), a second current mirror having 
(M2)having respective output branches (M2A, M2B) coupled to said respective terminals (IT1. 

5 TT2) through respective cascode transistors (Tl 1.T12) for supplying bias currents to the means 
(Tl, T2, T3, T4) for alternately coupling and cross-coupling via said respective terminals (IT I, 
IT2), means (Tl 5, T16) for sensing a voltage at said respective terminals (ITl, IT2) and means 
(T17, M3, Ml; R3, R4, T18, T19, T20\ M2), responsive to the means for sensing, for controlling 
the bias currents supplied by the respective output branches of the first and second current mirrors 

10 (M1.M2). 



5 1 a receiver as claimed in claim 4, further comprising: a further differential 

transistor pair (T5, T6) having a common node (CN3) coupled to a further output branch (MiC) 
of the first current mirror (Ml), having input nodes connected to receive a balanced output signal 
25 15 (DAC1, DAC2) from the digitai-to-analog convener (DAC) and having output nodes coupled to 

said respective terminals (ITl, IT2) through respective cascode transistors (T9, T10). 



5 A receiver as claimed in claim 5, wherein the second current mirror comprises 

rurther output branches (M2C, M2D) coupled to said respective terminals (ITl, IT2) through 
20 respective further cascode transistors (T13, T14). 

35 7 a receiver as claimed in claim 6, wherein the means for sensing comprise MOS 

transistors (T15, T16) having respective gates connected to said respective terminals (ITl. IT2). 



25 8. A receiver as claimed in claim 7, further comprising: a third current mirror (M3) 

having an output branch (M3B) coupled to an input branch (MID) of he first current mirror (Ml) 
and having an input branch (M3A) coupled to drains of the MOS transistors (T15, T16) through a 
rurther MOS transistor (T17), the rurther MOS transistor having a gate electrode connected to a 
gate electrode of a second further diode connected MOS transistor (T20) for coupling a further 
30 output branch (M2E) of the second current mirror (Ml) to a drain of a third further MOS 
transistor (Tl 8) having a gate electrode connected to receive a fixed bias voltage (R3, R4). 

50 9 a receiver constructed and arranged to operate substantially as hereinbefore 

described with reference to and as shown in Figures 2 to 9 of the accompanying drawings. 
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